Abstract: Recurrent pregnancy loss (RPL) refers to two or more consecutive pregnancy losses. It is estimated that fewer than 5% of women experience RPL. Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that play important roles in providing a safe and conducive environment for the stable development of the fetus. In this case-control study, we evaluated the associations between RPL and single nucleotide polymorphisms (SNPs) in MMP-8 and MMP-27. We recruited 375 Korean women with a history of RPL and 240 ethnically-matched healthy parous controls, and we performed genotyping for the MMP-8 rs2509013 C>T, MMP-8 rs11225395 G>A, and MMP-27 rs3809017 T>C polymorphisms. All SNPs were genotyped via the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assay. In the genotype frequency analyses, the TT genotype of the MMP-8 rs2509013 C>T (age-adjusted odds ratio, 0.415; 95% confidence interval, 0.257-0.671; P = 0.0003) and TC genotype of MMP-27 rs3809017 T>C (age-adjusted odds ratio, 0.681; 95% confidence interval, 0.483-0.961; P = 0.029) were associated with decreased RPL susceptibility. Moreover, these trends were maintained in the haplotype and genotype combination analyses. Interestingly, amongst the RPL patients, higher levels of homocysteine (P = 0.042) and uric acid (P = 0.046) were associated with MMP-27 rs3809017 T>C. In conclusion, the two polymorphisms of MMP-8 and MMP-27 were significantly associated with RPL risk, both individually and in combination. Therefore, these two polymorphisms are potential biomarkers for RPL susceptibility.
Introduction
Pregnancy loss, also referred to as spontaneous abortion, is defined as the loss of a clinical pregnancy prior to 20 weeks of gestational age. Recurrent pregnancy loss (RPL) refers to consecutive pregnancy losses; however, the European Society for Human Reproduction and Embryology and the Royal College of Obstetricians and Gynecologists have defined RPL as the loss of three or more consecutive pregnancies. More recently, the American Society for Reproductive Medicine broadened the to anatomic, hormonal, chromosomal, infectious, autoimmune, or thrombotic causes were excluded from the study group. To identify anatomic abnormalities in the RPL patients, we used sonography, hysterosalpingogram, hysteroscopy, computerized tomography, and magnetic resonance imaging. Hormonal causes included hyperprolactinemia, luteal insufficiency, and thyroid disease, and these causes were evaluated by measuring the levels of prolactin, thyroid-stimulating hormone, free T4, follicle-stimulating hormone, luteinizing hormone, and progesterone in the peripheral blood. Patients in whom the pregnancy loss was attributed to autoimmune causes were defined as patients diagnosed either with antiphospholipid syndrome or with lupus (diagnosed using lupus anticoagulant and anticardiolipin antibodies). Thrombotic causes were defined as thrombophilia and these were evaluated by deficiencies in protein C and protein S, and by the presence of the anti-β2 glycoprotein antibody. Chromosomal analyses of the blood samples were carried out using standard protocols as described in Reference [17] . All the participants were enrolled in the study at the Infertility Medical Center of the CHA Bundang Medical Center (Seongnam, Korea) between March 1999 and February 2012. The women in the control group included healthy women with regular menstrual cycles, normal karyotype of 46XX, a history of at least one naturally conceived pregnancy, and no history of pregnancy loss. The Institutional Review Board of CHA Bundang Medical Center (IRB number: BD2010-123D) approved the study and all the patients gave their written informed consent.
Genotyping
Blood samples were collected into ethylenediaminetetraacetic acid (EDTA)-coated blood collection tubes. The sample tubes were centrifuged for 15 min at 1000 × g to separate the plasma and buffy coat from the whole blood. The plasma was collected in 1.5 mL tubes and preserved in a deep-freezer at -80°C until assessment of the baseline biochemical parameters. The patients' buffy-coat samples were used for genomic DNA extraction using the G-DEX blood extraction kit (Intron, Seongnam, South Korea). Two SNPs of MMP-8 (rs2509013 C>T and rs11225395 G>A) and a polymorphism of MMP-27 (rs3809017 T>C) were determined by PCR-RFLP analysis using the isolated genomic DNA as a template, as in Reference [18] . The primer pairs for MMP-8 rs2509013 C>T (forward: 5' -CCT GGA AAG GCA CCT GAT ATG -3', and reverse: 5' -CCT AGT AAA CAG GGC ATT GTG A -3'), MMP-8 rs11225395 G>A (forward: 5' -TTC ACA TAG CCT TGG GAG G -3', and reverse: 5' -TGG GAG ACT ACC ATG CAG ATC -3'), and MMP-27 rs3809017 T>C (forward: 5' -ATT CTT TTC AGG GAT TCT GTA GAT T -3', and reverse: 5' -TCT GGG TGG TGA CAC TCA TT -3') were designed to amplify each SNP, along with its flanking region. The conditions for PCR amplification were as follows: initial denaturation was performed at 95 • C for 15 min, followed by 35 cycles with denaturation at 95 • C for 30 sec, annealing for 30 sec, and an extension at 72 • C for 30 sec. A final extension was carried out at 72 • C for 5 min. The annealing temperatures for the MMP-8 rs2509013 C>T, MMP-8 rs11225395 G>A, and MMP-27 rs3809017 T>C primer pairs were 62 • C, 58 • C, and 46 • C, respectively. The PCR products for the rs2509013, rs11225395, and rs3809017 were digested using BtsCI, BglII, and AseI restriction enzymes (New England BioLabs, Ipswich, MA, USA), respectively, at 37 • C for 16 h. Isolated plasma was used in the assessment of a panel of biochemical parameters. The levels of PAI-1 were evaluated via a human SERPINE1/PAI-1 immunoassay (R&D Systems, Minneapolis, MN, USA). The levels of homocysteine were measured using the IMx fluorescence polarizing immunoassay (Abbott Laboratories, Abbott Park, IL, USA), and the levels of folate were measured using a radio-assay kit (ACS:180; Bayer, Tarrytown, NY, USA). Total cholesterol (T. chol) and uric acid levels were determined using commercially available enzymatic colorimetric tests (Roche Diagnostics GmbH, Mannheim, Germany). Platelet (PLT) counts were measured on a Sysmex XE2100 automated hematology analyzer (Sysmex Corporation, Kobe, Japan). Prothrombin time (PT) and activated partial thromboplastin time (aPTT) were measured using an automated photo-optical coagulometer ACL TOP (Mitsubishi Chemical Medience, Tokyo, Japan).
Estimation of the CD56+ Peripheral Natural Killer (NK) Cell Proportion
Peripheral blood mononuclear cells (PBMCs, 2.5×105) were stained at 4 • C in the dark for 30 min, and then washed twice in 2 mL phosphate-buffered saline (PBS) containing 1% bovine serum albumin and 0.01% sodium acid (FACS wash buffer). They were subsequently fixed in 200 µL of 1% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) prior to sorting as described in References [19, 20] .
Estimation of the CD56+ NK cell proportion in peripheral blood was performed using flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA). The flow cytometer was compensated by a single fluorochrome, and the data were analyzed using the CellQuest software (BD Biosciences). CD56-specific monoclonal antibody labelled with a fluorochrome (fluorescein isothiocyanate, phycoerythrin, peridinin-chlorophyll-protein complex, or allophycocyanin, BD Biosciences), and anti-NK cell receptor A-phycoerythrin (Immunotech, Beckman Coulter, Fullerton, CA, USA) were used for the NK cell detection. The PBMCs were gated based on the forward and side scatter to allow for the identification of lymphocytes. Positive and negative thresholds for the fluorescence signals were defined using isotype-specific negative controls. All the flow cytometric analyses were performed using FlowJo (Treestar, Inc. Ashland, OR, USA).
Statistical Analysis
Differences in the genotype and haplotype frequencies between the RPL patients and the control groups were compared using multivariate logistic regression and the Fisher's exact test, respectively. The odds ratio (OR), adjusted odds ratio (AOR), and 95% confidence intervals (CIs) were used to examine the association between MMP gene polymorphisms and RPL risk. The data are presented as mean ± SD (continuous variables) or percentages (categorical variables). The Hardy-Weinberg equilibrium (HWE) p-values of genotype frequencies were estimated using the Chi-square test to identify deviations from the HWE. The false-positive discovery rate (FDR) test was used to adjust multiple comparison tests and an FDR p-value < 0.05 was considered to be statistically significant as in Reference [21] . Differences in the plasma homocysteine, folate, PLT counts, NK cell, PT, uric acid, T. chol, and PAI-1 between different MMP genotypes were evaluated using the one-way analysis of variance (ANOVA). Statistical significance was accepted at p < 0.05. Analyses were performed using GraphPad Prism (v.4.0, GraphPad Software Inc. San Diego, CA, USA) and Medcalc (v. 12.7.1.0, Medcalc Software, Mariakerke, Belgium). The HAPSTAT program (v.3.0, www.bios.unc.edu/~{}lin/hapstat/) was used with a strong synergistic effect to estimate the frequency of polymorphic haplotypes and p < 0.05 was considered to be statistically significant.
Results

Study Population
We first evaluated if there were major differences in the clinical characteristics of patients with and without a history of RPL. The baseline clinical characteristics and biochemical profiles of RPL patients and the controls are presented as the mean ± standard deviation (SD) in Table 1 . The mean ages of the RPL patients (mean ± SD, 33.19 ± 5.43) and the controls (mean ± SD, 33.21 ± 4.60) were not significantly different. Average gestational weeks of the RPL patients was 7.33 ± 1.85 (mean ± SD) and the proportion of less than 10 gestational weeks was 89.4%. The mean BMI of RPL patients (mean ± SD, 21.71 ± 3.45) and the controls (mean ± SD, 21.50 ± 3.89) were not different, and they were in the normal range. Although the RPL patients had differences in the levels of PLT count, aPTT, and PT compared to the controls, these parameters were still in the normal range. 
Genotype Frequencies of the Polymorphisms in the MMP Genes
We investigated the differences in the genotype frequencies of the RPL patients and controls ( Table 2 ). The age-adjusted odds ratios (AORs) were calculated using logistic regression analysis. In the patients with two or more pregnancy losses (RPL) versus the controls, the minor homozygous genotype (TT) frequency of MMP-8 rs2509013 C>T (CC vs. TT: AOR, 0.415; 95% CI, 0.257-0.671; p = 0.0003), and the heterozygous genotype (TC) frequency of MMP-27 rs3809017 T>C (TT vs. TC: AOR, 0.681; 95% CI, 0.483-0.961; p = 0.029) were significantly associated with the decreased risk of RPL. In patients with three or more pregnancy losses versus the controls, the TT genotype frequency of MMP-8 rs2509013 C>T (CC vs. TT: AOR, 0.424; 95% CI, 0.219-0.822; p = 0.011) was significantly associated with the decreased risk of RPL. Additionally, the MMP-8 rs2509013 TT genotype was associated with a reduced susceptibility to idiopathic RPL when compared to the CC and CC + CT genotypes, and this association remained statistically significant in the FDR test as well.
Haplotype Analysis
To evaluate whether the gene-gene interactions on the same chromosome had synergistic effects on decreasing the RPL risk, we performed haplotype analysis of the three SNPs (Table 3 ). In the haplotype analysis of three SNPs (MMP-8 rs2509013 C>T/MMP-8 rs11225395 G>A/MMP-27 rs3809017 T>C), most haplotypes that had the T allele of MMP-8 rs2509013 C>T or the C allele of MMP-27 rs3809017 T>C, were associated with a decreased RPL risk compared to the reference haplotype (C-G-T).
In the haplotype analysis of MMP-8 rs2509013 C>T and MMP-8 rs11225395 G>A, all haplotypes that included the T allele of MMP-8 rs2509013 C>T were associated with a decreased RPL risk. Furthermore, the haplotype analyses revealed that some haplotypes that included the T allele of MMP-8 rs2509013 C>T or the C allele of MMP-27 rs3809017 T>C, were associated with a decreased RPL risk compared to the respective reference haplotypes.
Genotype Combination Analysis
Given the polygenic etiology of RPL, we reasoned that the analysis of combinations of different MMP polymorphisms might yield novel insights into the drivers and/or modifiers of RPL risk. Therefore, we conducted a genotype combination analysis involving the three polymorphisms of the MMP genes (Table 4 ). In the combination analysis of the MMP-8 rs2509013 and rs11225395 genotypes, two combinations that included the TT genotype of MMP-8 rs2509013 were associated with a decreased RPL risk. A combination analysis of the MMP-8 rs2509013 and MMP-27 rs3809017 genotypes revealed that almost all the combinations were associated with a decreased RPL risk. In the combination analysis of the MMP-8 rs11225395 and MMP-27 rs3809017 genotypes, only one combination that included the TC genotype of MMP-27 rs3809017 showed an association with a decreased RPL risk.
Differences in the Clinical Parameters of RPL Patients according to Genotypes of the MMP Polymorphisms
Although previous studies have found that women with RPL show alterations in serum factors and biochemical parameters, none of these factors were found to reliably predict repeated miscarriages. We sought associations between the polymorphisms in MMP-8 and MMP-27 and the baseline biochemical parameters in the blood samples of RPL patients. In patients with two or more pregnancy losses, the MMP-27 rs3809017 T>C polymorphism was associated with relatively higher levels of homocysteine (mean values for different genotypes: TT, 7.27 ± 2.31; TC, 6.63 ± 1.63; CC, 6.85 ± 1.98; p = 0.042) and uric acid (mean values for different genotypes: TT, 3.95 ± 0.88; TC, 3.62 ± 0.80; CC, 3.68 ± 0.65; p = 0.046). In the subgroup of patients with ≥3 pregnancy losses, the MMP-27 rs3809017 T>C polymorphism was associated with higher levels of homocysteine (mean values for different genotypes: TT, 7.25 ± 1.78; TC, 6.24 ± 1.40; CC, 6.64 ± 1.61; p = 0.006) (Tables 2 and 5). 
Discussion
It is well established that several genetic, physiological, and even environmental factors underlie the complex etiology of RPL [22] . In this case-control study, we evaluated the potential associations between the SNPs in MMP genes (MMP-8 rs2509013 C>T, MMP-8 rs11225395 G>A, MMP-27 rs3809017 T>C) and patients' susceptibility to idiopathic RPL. Our results showed that MMP-8 rs2509013 C>T and MMP-27 rs3809017 T>C polymorphisms were significantly associated with decreased RPL susceptibility. Furthermore, our haplotype analyses showed that the allelic combinations, including the T allele of MMP-8 rs2509013 and the C allele of MMP-27 rs3809017, were associated with a decreased risk of RPL.
MMPs play a significant role in the degradation and rebuilding of the ECM. Numerous MMPs are highly expressed in many reproductive processes, including menstruation, ovulation, implantation, and angiogenesis [20, 23] . MMPs can be regulated by reproductive hormones, which cause a dynamic alteration in the reproductive tissues. These pregnancy-assisting alterations provide a conducive environment for fertilization, implantation, and fetal growth. Therefore, MMPs are crucial to these reproductive processes, and the abnormal function or expression of MMPs may be critical for successful reproduction.
MMP-8 is also known as a polymorphonuclear neutrophils (PMNL) collagenase and the MMP-8 gene is located on 11q22.2. MMP-8 is detectable in cervical fluid in almost all pregnant women in early and mid-pregnancy [24] . Moreover, MMP-8 has been reported to be present in amniotic fluid and fetal membranes [24] . Additionally, MMP-8 is used as one of the biomarkers of preterm delivery because high concentrations of MMP-8 in the cervical fluid are associated with spontaneous preterm delivery [3] . Therefore, MMP-8 may be a crucial player in RPL, which may be caused by similar mechanisms. MMP-8 polymorphisms, rs2509013 C>T and rs11225395 G>A, are located in an intron between the 8th and 9th exons and in the promoter region at the 934 bp upstream of start codon of MMP-8, respectively. The intron variant rs2509013 has been studied in the context of certain diseases, but it was not associated with those diseases [25, 26] . The promoter region variant, rs1122539, is associated with various diseases, including preeclampsia and arterial disease [13, 27] . Moreover, the AA genotype of rs1122539 was significantly associated with increased MMP-8 serum levels and the A allele of rs1122539 was associated with an increased risk of arterial disease [27] . However, our data showed that only the intron variant (rs2509013 C>T), but not the promoter region variant (rs1122539 G>A), was associated with the decreased risk of idiopathic RPL. Therefore, our results suggest that rs1122539 does not affect RPL risk, even though rs1122539 may affect the levels of MMP-8 in the plasma or cervical fluid. MMP-27 is also known as epilysin. In terms of genomic location, MMP-27 is located next to MMP-8 on 11q22.2. MMP-27 transcripts have been detected in almost all mouse tissues during development [5] . Additionally, MMP-27 is expressed in the human endometrium at the secretory phase [7] . However, no studies to date have examined the potential associations between polymorphisms in MMP-27 and RPL risk. Our data suggest that functional dysregulation of MMP-8 and MMP-27 may contribute to early pregnancy failure either by affecting the ECM remodeling at the implantation site and/or by inhibiting effective endometrial or placental angiogenesis. However, further functional studies (in suitable animal models) exploring how polymorphisms in MMP-8 and MMP-27 may impact pregnancy outcomes, may shed light on such potential etiological mechanisms underlying RPL.
In our present study, the TC genotype of the MMP-27 rs3809017 T>C polymorphism was associated with a decreased RPL risk. In addition, the levels of homocysteine and uric acid differed significantly between the genotypes of the MMP-27 rs3809017 polymorphism in the patient group (Table 5) . Interestingly, the TC type of the MMP-27 rs3809017 T>C polymorphism, which was associated with decreased RPL risk in the genotype frequency analysis, showed the lowest levels of homocysteine and uric acid in the ANOVA analysis. Homocysteine and uric acid are important for pregnancy because elevated levels of homocysteine and uric acid can lead to various pregnancy complications, such as still birth, preterm birth, and pregnancy loss [28] [29] [30] . The differences in serum homocysteine and uric acid levels according to genotype were small; however, they may still be important for the process and outcomes of pregnancy. However, further functional studies examining the potential links between MMP-27 and the serum levels of homocysteine and uric acid are required. Moreover, we suggest that our findings should be replicated in a larger sample and using another population.
Conclusions
In conclusion, we investigated the potential associations between MMP-8 rs2509013 C>T, MMP-8 rs11225395 G>A, and MMP-27 rs3809017 T>C polymorphisms and the risk of idiopathic RPL. The present study demonstrated, for the first time, that the TT genotype of MMP-8 rs2509013 C>T and the TC genotype of MMP-27 rs3809017 T>C were associated with a decreased RPL susceptibility. Additionally, this trend was maintained in the haplotype and genotype combination analyses. Moreover, the homocysteine and uric acid levels were significantly different according to the genotype of MMP-27 rs3809017 T>C. Therefore, our study suggests a potential role for the MMP-8 rs2509013 C>T and MMP-27 rs3809017 T>C polymorphisms in RPL in Korean women. It is necessary to perform validation of the RPL risk-predictive utility of these polymorphisms in future large cohort retrospective and prospective studies that: (a) examine the associations between these polymorphisms and the serum levels of homocysteine and uric acid, and (b) connect these factors to the pathogenesis of RPL.
